Indigo Carmine is a dark blue dye mainly used in the textile industry for the dyeing of polyester fibers and denim (blue jeans). The textile industry consumes enormous amounts of water during dyeing and finishing operations. The discharge of dye house waste and effluents remains a problem. Conventional biological treatment processes are less successful as most dyes are barely or non biodegradable. Electrochemical processes for pollution abatement have been proved viable alternatives or complementary to biological treatment in some instances, especially when pollutants are recalcitrant to biological processing.
INTRODUCTION
The textile industry consumes enormous amounts of water during dyeing and finishing operations. Typical medium-scale textile factories produce approximately 1000 m 3 of wastewater per day. It is estimated that around 30% of the applied dyes remain unfixed and are discharged in the effluent. Dye bearing wastewaters are toxic for the environment since dyes are stable compounds and may cause carcinogenesis. Conventional biological treatment processes are often less successful because most dyes are barely or non biodegradable (Beydili et al., 2001 ).
Indigo Carmine (5.5'-indigo disulfonic acid disodium salt) is a dark blue dye mainly used in the textile industry for the dyeing of polyester fibers and denim (blue jeans) (Secula et al, 2011) . Indigo Carmine is also used as dye in food and cosmetics industry. Several processes have been suggested for removal of Indigo Carmine and other dyes from wastewater including adsorption (Kyzas et al, 2012) , photochemical (Poulios et al, 2007) and electrochemical methods.
Electrochemical processes for pollution abatement have been proved viable alternatives or complementary to biological treatment in some instances, especially when pollutants are recalcitrant to biological processing. The present paper discusses an integrated electrochemical decolorization/degradation treatment of the Indigo Carmine dye, which comprises electrocoagulation with iron sacrificial electrodes, indirect anodic oxidation at dimensionally stable Ti/Pt and graphite anodes in NaCl electrolyte solution and advanced electrochemical oxidation using the electro-Fenton process with iron sacrificial anode and added amount of hydrogen peroxide. The efficiencies of the three different electrochemical processes are compared and evaluated.
METHODS

Chemicals
NaCl, NaOH and H2O2 were of analytical grade (Merck). pH was adjusted with 0.1 M solutions of H2SO4 and NaOH as required. The reactive dye indigo carmine (Disodium (2E)-3-oxo-2-(3-oxo-5-sulfonato-1,3-dihydro-2H-indol-2-ylidene)-5-indoline-sulfonate) was purchased from Aldrich (CAS Nr: 860-22-0). Its structure is shown in Figure 1 . 
Apparatus
A laboratory model DC power supply apparatus (STELL TRAFO, PHYWE Systeme GmbH & Co. KG Germany) was used to maintain constant DC current. Voltage and current were measured by a multimeter (PHYWE). Conductivity was measured by means of a conductometer (inoLab Cond. Level 1, WTW). pH was measured by a WTW pHmeter. Electrolyses were conducted at room temperature in a cylindrical glass cell of 500 ml and the solution was rigorously stirred with a magnetic bar at 500 rpm. The electrodes for the electrooxidation experiments were two platinized titanium plates (Ti/Pt) and two graphite plate electrodes, while for electrocoagulation and electro-Fenton two iron plates (obtained commercially) were used with an effective area of 30 cm 2 each.
Analytical Procedures
UV-VIS Spectrophotometry (HITACHI U-2000, Japan) was used for spectrographic analysis of dye concentrations. Known concentrations of the indigo carmine dye solution were scanned at optimum absorption wavelength of 612 nm wavelength for generating the calibration plot. Samples were diluted using distilled water if the absorbance exceeded the range of calibration curve. All samples were filtered using polytetrafluorethylene filters with a pore size of 0.45 μm (Whatman).
Experimental Procedures
All electrochemical experiments: electrocoagulation, electrooxidation and electro-Fenton were conducted in the 500 ml electrochemical reactor. The interelectrode distance was 0.5 cm. H2O2 was added to the reactor during the electro-Fenton treatment. The concentration of NaCl was 6 g/L. The applied current densities were 5 and 10 mA/cm 2 for electrocoagulation, 5 mA/cm 2 for electro-oxidation, while only 0.33 and 0.66 mA/cm 2 for electro-Fenton was used. pH was adjusted to 6.9 for electrocoagulation and to 3 for electro-Fenton and electrooxidation experiments respectively.
Brief description of electrochemical processes
Electrocoagulation
Electrocoagulation is a process consisting of creating metallic hydroxide flocks inside the wastewater by electrodissolution of soluble anodes made of iron or aluminum. The main reactions occurring during iron electrocoagulation produce ferrous and ferric ions at the sacrificial anode and hydroxide ions as well hydrogen gas at the cathode:
The generated Fe 2+ , Fe 3+ and OH -ions react to form various monomeric and polymeric species which finally result in situ formation of gelatinous Fe(OH)2 and Fe(OH)3 effecting the coagulation and co-precipitation or H2 flotation of particulates from the solution by adsorption.
Anodic oxidation
Organic matter can be anodically destroyed in two different mechanisms, namely: direct oxidation, where the pollutants are adsorbed on the anode surface and destroyed by the electron transfer reaction and (b) indirect oxidation in the liquid bulk by the electrochemically mediated oxidants, such as chlorine, hypochlorite, hydroxyl radicals, ozone and hydrogen peroxide. In anodic oxidation organic pollutants are attacked by the absorbed hydroxyl radicals formed as intermediates from water oxidation to O2 at the surface of dimensionally stable anodes (graphite, Pt, TiO2, IrO2, PbO2 or boron doped diamond electrodes).
Electro-Fenton process
Fenton's reagent is an acidic mixture of hydrogen peroxide and Fe 2+ , where free hydroxyl radicals with high oxidative power are produced as follows: 
RESULTS
Removal of indigo carmine by electrocoagulation
The decolorization of the indigo carmine wastewater was investigated by electrocoagulation using iron electrodes as anode and cathode at different current densities and NaCl (6 g/L) as electrolyte solution. pH was adjusted to the optimum value of 6.9 (Mollah et al 2009) with a dilute NaOH solution. According to Figure 2 , for the two current densities 5 and 10 mA/cm 2 the initial concentration of 100 mg/L indigo carmine fell under the detection limit (0.008 mg/L) in 35 and 20 minutes of electrolysis time respectively. The removal rate is faster with increasing current density. This is a presumable phenomenon, as the current density determines the coagulant dosage rate, the bubble production and the flock size and growth (Koshla et al., 1991) . The initial solution pH of 6.9 changed to 8.8, i.e. no significant pH change was observed during electroprocessing. During the electrocoagulation process the indigo carmine dye is not destructed. The dye molecule is absorbed and relocated as a whole in the electrogenerated Fe(OH)3 precipitate. The electrical energy consumptions for the two runs at the corresponding current densities of 5 and 10 mA/cm 2 are calculated from Eq.7:
where: U = voltage (Volts), I = current intensity (A), t = time (s) and V = solution volume of wastewater, and amount to 0.511 and 0.825 kWh/m 3 of treated dye wastewater respectively.
Degradation of Indigo carmine dye by electrooxidation
The degradation of indigo carmine from aqueous solution of 100 mg/L was investigated by indirect electrooxidation at platinized titanium (Ti/Pt) and graphite electrodes as anode and cathode. NaCl (6 g/L) was used as supporting electrolyte to increase the solution conductivity and therefore reduce the resistance and the electrical energy consumption. H2SO4 was added to the dye solution until it reached pH = 3. As has been shown, According to Figure 3 the initial dye concentration of 100 mg/L was completely reduced in 20 and 35 minutes of electroprocessing using Ti/Pt and graphite electrodes respectively. This is due to the anodic oxidation of Cl -ions and the formation of free chlorine. As known, chlorine in acidic solution is a strong oxidizing agent causing indirect oxidation of the dye in the bulk solution. 
Degradation of indigo carmine by electro-Fenton
Fenton reagent is generally conducted in acidic solutions with pH values ranging from 2 to 4 with pH = 3 being the optimum. Hence, the dye solution was acidified with H2SO4 until it reached pH = 3. The electro-Fenton experiment was conducted at low applied current densities of only 0.33 and 0.66 mA/cm 2 with iron plate electrodes as anode and cathode and initial addition of 2 ml of H2O2 1M solution. The solution pH tending to increase slightly during the process was monitored and adjusted with a dilute H2SO4 solution to the optimal pH value of 3. Figure 4 shows that the initial concentration of 100 mg/L indigo carmine dye was completely decolorized and degraded in only 1 and 2 minutes of electrolysis time at the applied current densities of 0.66 and 0.33 mA/cm 2 respectively. Compared to electrooxidation the electro-Fenton process is by far faster, due to the fast reaction of the indigo carmine dye and its molecule fragments with the very reactive OH * radicals generated from corresponding reaction equation (Eq.4). In addition to electro-Fenton degradation the indigo carmine dye or its molecule fragments can partially be absorbed and co-precipitate with the generated Fe(OH)3 flocs and therefore be removed by electrocoagulation as pointed out in section 2.5.3. However, this way of dye removal by electrocoagulation is slow because of the low solution pH. The electrical energy consumptions for dye degradation after 2 and 1 minutes of electrolysis time at the applied current densities of 0.33 and 0.66 mA/cm 2 are 4.75x10 -3 and 5.23x10 -3 kWh/m 3 of treated dye solution respectively.
CONCLUSIONS
The electrooxidation process with Ti/Pt and graphite electrodes in the presence of NaCl as supporting electrolyte decolorizes indigo carmine dye due to indirect electrooxidation of the dye molecules in the bulk solution with the anodically generated chlorine. The electrical energy consumptions at the applied current density of 5 mA/cm 2 with Ti/Pt and graphite electrodes are 0.874 and 1.75 kWh/m 3 of treated dye solution respectively. The electrocoagulation process with iron electrodes is a more efficient method for decolorization of aqueous indigo carmine bearing solutions achieving 100% color removal in 35 and 20 minutes of electroprocessing at the applied current densities of 5 and 10 mA/cm 2 with the corresponding energy consumption 0.511 and 0.825 kWh/m 3 of treated dye solution respectively. The electro-Fenton process with Fe electrodes and supplied H2O2 in acidic solution is the fastest and more efficient method for degradation of indigo carmine dyes. Applying current densities of 0.33 and 0.66 A/cm 2 100% the degradation of the dye was achieved in only 2 and 1 minutes of electroprocessing. The energy consumption was 4.75x10 -3 and 5.23x10 -3 kWh/m 3 of treated dye solution.
